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(54) Semiconductor device comprising a heterostructure MIS field-effect transistor having a 
strained channel layer 



(57) A MISFET having extremely high mobility com- 
prising a first silicon layer (Si layer)(12), a silicon layer 
containing carbon (Si-|.yC y layer)(13) and an optional, 
second silicon layer (Si layer)(1 4) stacked in this order 
on a silicon substrate (10). The carbon content and 
thickness of the Si-^yCy layer acting as a channel layer 
of the MISFET are such that said S^.yCy layer is under 
tensile strain whereby the conduction and valence 
bands thereof are split. Therefore, charge carriers hav- 
ing a smaller effective mass, which have been induced 
by an electric field applied to an insulated gate electrode 
(15.16). are confined in the Si t .yC y layer, and move in 
the channel direction. Furthermore, if the silicon layer 
containing carbon is made of Si^yGexCy, a structure 
suitable for a high-performance CMOS device can be 
formed. Alternatively, the silicon layers may contain a 
slight amount of carbon or germanium, and a Schottky 
gate may be provided whereby a MESFET is achieved. 
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Description 

BACKGROUND OF THE INVENTION 

. [0001] The present invention relates to a semiconductor device ind ucling a field effect transistor, and more particularly 
relates to an improved semiconductor device in which the mobility of carriers is increased by applying a tensile strain to 
a channel layer where carriers are moving. 

[0002] Currently, the majority of transistors formed on a silicon substrate are metal-insulator-semiconductor (MIS) 
field effect transistors. Methods for enhancing the performance characteristics of an MIS transistor by applying a tensile 
strain to an Si channel layer were reported by J. Welser et at. in "Strain Dependence of the Performance Enhancement 
in Strained-Si n-MOSFETs". IEDM Tech. Dig. 1994, p. 373, and by K. Rim et al. in "Enhanced Hole Mobilities in Surface- 
channel Strained-Si p-MOSFETs", IEDM Tech. Dig. 1995. p. 517. 

[0003] Figure 1 6 is a cross-sectional view illustrating a basic structure of a semiconductor region in a field effect tran- 
sistor formed by these methods. As shown in Figure 16, the semiconductor region basically includes: an SiGe buffer 
layer 1 01 . in which the content of Qe linearly increases from 0 to x; an S^ .xGe* layer 1 02, the lattice strain of which has 
been relaxed; and an Si layer :1 03, which has received a tensile strain. These layers are stacked in this order on a siPcon 
substrate 100. In this structure; the lattice strain of the Si^Ge* layer 102, formed on the SiGe buffer layer 101, is 
relaxed such that the lattice constant of the Si^Ge* layer 102 increases to match with that of the non-strained SiGe 
layer 1 01 . And a tensile strain is applied to the Si layer 1 03 grown thereon. 

[0004] Figure 17(a) is a crystal structure diagram illustrating the lattice states of an Si^Ge* layer and an Si layer 
before these layers are stacked one upon the other. Figure 17(b) is a crystal structure diagram illustrating a state where 
the Si layer has received a tensile strain after these layers have been stacked. And Figure 17(c) is a band diagram illus- 
trating a heterojunction structure consisting of the Si^Gex layer and the Si layer. As shown in Figure 17(a), the lattice 
constant of Si crystals is smaller than that of Si^Gex crystals. Thus, if the Si layer is eprtaxially grown on the Si^Ge* 
layer, the Si layer receives a tensile strain from the Si^Gex layer as shown in Figure 17(b). As a result, the energy band 
of the heterojunction structure consisting of the Si^Gex layer and the Si layer, which has received the tensile strain, is 
as shown in Figure 17(c). Specifically, since the Si layer has received a tensile strain, the sixfold degeneracy is dis- 
solved in the conduction band, which is split into a twofold degenerate band A(2) and a fourfold degenerate band A(4). 
On the other hand, the twofold degeneracy is also dissolved in the valence band, which is split into a light-hole band LH 
and a heavy-hole band HH. 

[0005] That is to say. in such a heterojunction structure, the edge of the conduction band in the Si layer 1 03 shown in 
Figure 16 is the twofold degenerate band A(2). and has smaller energy than that of electrons in the Si^Ge* layer 102. 
Thus, if a field effect transistor is formed by using the Si layer 103 as a channel, then electrons, having a smaller effec- 
tive mass in the band A(2). move through the channel. As a result the horizontal mobility of electrons increases in the 
Si layer 103 and the operating speed of the transistor also increases. In addition, the energy level of the band A (2) is 
lower than that at the edge of the conduction band in the Si^Gex layer 1 02. Thus, if the Si layer 1 03 is used as a chan- 
nel, electrons can be confined in the Si layer by utilizing a heterobarrier formed between the Si and Si^Ge* layers. 
[0006] On the other hand, the edge of the valence band of the Si layer 1 03 is a band of light holes having a smaller 
effective mass, which have smaller energy than that of holes in the Si^Ge* layer 102. Thus. H such an Si layer 103 is 
used as a channel region for a p-channel transistor, then the light holes, having a smaller effective mass, horizontally 
move in the Si layer 103. As a result, the mobility of holes increases and the operating speed of the transistor also 
increases. 

[0007] As reported, in both n- and p-channel field effect transistors, the performance characteristics thereof can be 
enhanced by using an Si layer 103. which has received a tensile strain, as a channel region. 
[0008] However, these field effect transistors, formed by the conventional methods, have the following problems. 
[0009] Firstly, in order to apply a tensile strain to the Si layer 1 03 functioning as a channel region, the SiGe buffer layer 
1 01 should be grown on the silicon substrate 1 00 until the layer 1 03 becomes thick enough to reduce the lattice strain 
of the Si^xGex layer 102, However, when the lattice strain of the Si^^e* layer 102 is relaxed, a large number of cfisJo- 
cation are generated in the SiGe buffer layer 101 . A great number of dislocations are also present in the Si layer 103 
formed on the Si.,_xGe x layer 102. The dislocations such as these not only deteriorate the performance characteristics 
of the transistor, but also seriously affect the long-term reliability thereof. For example, it was reported that the disloca- 
tions could be reduced by modifying the structure of the SiGe buffer layer. However, in accordance with current tech- 
niques, the density of dislocations cannot be reduced to lower than about 1 0 5 cm -2 . Such a device must be said to have 
very many defects. 

[0010] Secondly, the buffer layer, provided for reducing the lattice strain, should be formed sufficiently thick (e.g.. 1 
urn or more). Thus, it takes a great deal of time to form such a layer by crystal growth. In view of the throughput of a 
device, such a structure is far from fully practical. 

[0011] Thirdly, in the conventional structure, the energy level at the edge of the valence band in the Si layer 103 is 
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lower than the energy level at the edge of the valence band in the Si^Ge* layer 102. Thus, a heterobarrier, where the 
Sit. x Ge x layer 102 is located at a higher level, is formed, and it cannot be expected that holes, having a smaller effective 
mass, are confined in the Si layer 1 03. 

5 SUMMARY OF THE INVENTION 

[001 2] In view of these problems, the present invention was made to provide a sufficiently reliable, high-performance 
transistor by applying a tensile strain to a channel layer mainly composed of silicon, without providing any thick buffer 
layer for reducing a lattice strain, in which a large number of dislocations exist. 

10 [001 3] The semiconductor device of the present invention includes a field effect transistor on a substrate. The field 
effect transistor includes: a first silicon layer formed on the substrate; a second silicon layer, which is formed on the first 
silicon layer, contains carbon and has received a tensile strain from the first silicon layer; and a gate electrode formed 
over the second silicon layer. The second silicon layer functions as a channel region of the field effect transistor. 
[001 4] In this semiconductor device, since carbon, having a smaller atomic diameter than that of silicon, is contained 

is in the second silicon layer, the lattice constant of the second silicon layer is smaller than that of the first silicon layer. 
Accordingly, even if no thick buffer layer is provided between the first and second silicon layers, the second silicon layer 
containing carbon receives a tensile strain from the first silicon layer. As a result, in the second silicon layer, the sixfold 
degeneracy is dissolved in the conduction band, which is split into a twofold degenerate band and a fourfold degenerate 
band. The edge of the conduction band in the channel region formed out of the second silicon layer is the twofold 

20 degenerate band. The effective mass of twofold degenerate electrons is smaller than that of electrons in the first silicon 
layer. Thus, if current is horizontally supplied, the effective mass of electrons decreases on the plane and the mobility 
of electrons increases. In addition, since the distance between these two split bands is greater, the scattering between 
the valleys of these bands can be suppressed. Accordingly, the mobility of electrons further increases. As a result, the 
operating speed of a field effect transistor, including an n-channel where electrons move, increases. Also, the energy 

25 level of the twofold degenerate band in the second silicon layer is lower than that at the edge of the conduction band in 
the first silicon layer. Thus, in this structure, electrons can be confined in the second silicon layer by the heterobarrier 
formed between the first and second silicon layers. 

[0015] On the other hand, in the second silicon layer, the degeneracy is also dissolved in the valence band, which is 
split into a light-hole band and a heavy-hole band. The edge of the valence band in the channel region formed out of 
30 the second silicon layer is the band consisting of light holes having a smaller effective mass. The effective mass of the 
light holes is smaller than that of holes in the first silicon layer. Thus, In a field effect transistor having a p-channel where 
holes move, the effective mass of holes decreases and the mobility of holes increases. As a result, the operating speed 
of the transistor increases. 

[001 6] Also, the energy level of the light-hole band is higher than that at the edge of the valence band in the first silicon 
35 layer. Thus, in this structure, light holes can be confined in the second silicon layer by a heterobarrier formed between 
the first and second silicon layers. 

[001 7] Furthermore, since the second silicon layer does not have to be thick, a crystal layer having almost no dislo- 
cations can be easily formed by controlling the thickness at a critical thickness thereof or less, for example. Moreover, 
since no thick buffer layer is required for reducing the lattice strain, the throughput can also be increased. Accordingly, 
40 a highly reliable, high-performance semiconductor device functioning as a field effect transistor can be obtained at a 
lower cost - v 

[0018] In one embodiment of the present invention, if the field effect transistor is an n-channel field effect transistor, 
the second silicon layer is an n-channel where electrons move. 

[0019] In another embodiment of the present invention, electrons are preferably confined by a heterobarrier formed 
45 between the first and second silicon layers of the n-channel field effect transistor. 

[0020] In such an embodiment, a field effect transistor, in which electrons can be confined by the heterobarrier more 
efficiently, is obtained. 

[0021 ] In still another embodiment the semiconductor device preferably further includes a heavily doped layer, which 
is formed in the first silicon layer in the vicinity of the second silicon layer and contains a high-concentration n-type 
so dopant 

[0022] In such an embodiment the heavily doped layer for supplying carriers is spatially separated from the channel 
functioning as a carrier-accumulating layer. Thus, the carriers, moving through the channel, are not scattered by the ion- 
ized impurities, and therefore can move at a high velocity. 

[0023] In still another embodiment, it is more preferable that the second silicon layer is a quantum well. 
55 [0024] In such an embodiment, carriers, which have been induced in the second silicon layer functioning as a channel 
region, are confined in the quantum well and do not get over the heterobarrier even when the earner density is high. As 
a result the carriers move stably. 

[0025] In still another embodiment, the semiconductor device may further include a third silicon layer, which is formed 
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on the second silicon layer and under the gate electrode and applies a tensile strain to the second silicon layer. Elec- 
trons may be confined in the second silicon layer by a potential well formed in a boundary between the second and third 
silicon layers. 

[0026] In such an embodiment, a channel where electrons move exists under the third silicon layer, not under the gate 
5 insulating film. Accordingly, the electrons, moving through the channel, are hardly scattered by an interface level exist- 
ing in the interface between the gate insulating film and the third silicon layer or by the roughness of the interface. As a 
result, a higher operating speed is ensured as compared with a general MOS transistor. 

[0027] In this case, the semiconductor device preferably further includes a heavily doped layer, which is formed in the 
third silicon layer in the vicinity of the second silicon layer and contains a high-concentration n-type dopant. 
10 [0028] In still another embodiment the semiconductor device may further include a third silicon layer, which is formed 
on the second silicon layer and under the gate electrode and applies a tensile strain to the second silicon layer. Elec- 
trons may be confined in the second silicon layer by a heterobarrier formed between the first and second silicon layers 
and another heterobarrier formed between the second and third silicon layers. 

[0029] In such an embodiment a heterobarrier is also formed between the second and third silicon layers. Accord- 
15 ingly, electrons can be confined very efficiently in the second silicon layer interposed between the heterobarrier formed 
between the first and second silicon layers and the heterobarrier formed between the second and third silicon layers. 
[0030] In still another embodiment, if the field effect transistor is a p-channel field effect transistor, the second silicon 
layer is a p-channel where holes move. 

[0031] In this case, holes are preferably confined by a heterobarrier formed between the first and second silicon layers 
20 of the p-channel field effect transistor. 

[0032] In such an embodiment, a field effect transistor, in which holes can be confined by the heterobarrier very effi- 
ciently, is obtained. 

[0033] In still another embodiment the semiconductor device preferably further includes a heavily doped layer, which 
is formed in the first silicon layer in the vicinity of the second silicon layer and contains a high -concentration p-type 
25 dopant. 

[0034] In such an embodiment, the heavily doped layer for supplying carriers is spatially separated from the channel 
functioning as a carrier-accumulating layer. Thus, the carriers, moving through the channel, are not scattered by the ion- 
ized impurities, and therefore can move at a high velocity. 

[0035] In the same way as the n-channel field effect transistor, it is more preferable that the second silicon layer is a 
30 quantum well. 

[0036] In still another embodiment, the p-channel field effect transistor may further include a third silicon layer, which 
is formed on the second silicon layer and under the gate electrode and applies a tensile strain to the second silicon 
layer. Holes may be confined in the second silicon layer by a potential well formed in a boundary between the second 
and third silicon layers. 

35 [0037] In this case, the semiconductor device preferably further includes a heavily doped layer, which is formed in the 
third silicon layer in the vicinity of the second silicon layer and contains a high-concentration p-type dopant. 
[0038] In still another embodiment, the p-channel field effect transistor may further include a third silicon layer, which 
is formed on the second silicon layer and under the gate electrode and applies a tensile strain to the second silicon 
layer. Holes may be confined in the second silicon layer by a heterobarrier formed between the first and second silicon 

40 layers and another heterobarrier formed between the second and third silicon layers. 

[0039] In these three embodiments, the same effects as those described above are attained, whereby a field effect ~ 
transistor, in which holes can be confined very efficiently, is obtained. 

[0040] In still another embodiment the semiconductor device preferably further includes a gate insulating film formed 
just under the gate electrode. 

45 [0041] In still another embodiment, the thickness of the second silicon layer is preferably smaller than a critical thick- 
ness. which is determined by the composition of carbon and above which dislocations are generated. 
[0042] In such an embodiment the second silicon layer may be composed of crystals having no dislocations and - 
excellent crystallintty. Thus, it is possible to prevent the electrical characteristics of a field effect transistor from being 
deteriorated owing to the existence of high-density dislocations, 

so [0043] In still another embodiment the second silicon layer may further contain germanium. 

[0044] In such an embodiment, carbon, having a smaller atomic diameter than that of silicon, is contained together 
with germanium in the second silicon layer. Thus, rf the compositions of carbon and germanium are adjusted, it is easy 
to set the lattice constant of the second silicon layer at a value smaller than that of the first silicon layer. Accordingly, 
even if no thick buffer layer is provided between the first and second siPcon layers, the second silicon layer can receive 

55 a tensile strain from the first silicon layer. As a result, the above effects can be attained. In addition, the following effects 
can also be attained. 

[0045] Specifically, the energy level difference between the light-hole band in the second silicon layer, containing car- 
bon and germanium and having received a tensile strain, and the edge of the valence band in the first silicon layer is 
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larger than the energy level difference between the light-hole band in the second silicon layer, containing carbon and 
having received a tensile strain, and the edge of the valence band in the first silicon layer. Thus, holes are expectedly 
confined more effectively. In addition, by changing the compositions of germanium and carbon, the heights of the het- 
erobarriers at the edges of the valence band and the conduction band can be appropriately controlled depending on 

5 the type of the semiconductor device and so on. 

[0046] In still another embodiment, the field effect transistor is an n-channel field effect transistor in which the second 
silicon layer is an n-channel. The semiconductor device further includes a p-channel field effect transistor. The p-chan- 
nel field effect transistor includes: a fourth silicon layer formed on the substrate; a fifth silicon layer, which is formed on 
the fourth silicon layer, contains carbon and has received a tensile strain from the fourth silicon layer; and a gate elec- 

10 trode formed over the fifth silicon layer. The fifth silicon layer functions as a p-channel region. In this structure, the sem- 
iconductor device can function as a complementary device. 

[0047] In such an embodiment, a p-channel field effect transistor including a p-channe!, where the mobility of holes 
is high, and an n-channel field effect transistor including an n-channel. where the mobility of electrons is high, can be 
formed by using a multilayer film in common. In a conventional semiconductor device, a channel region functioning only 
is as a p-channel, where the mobility of holes is high, and another channel region functioning only as an n-channel, where 
the mobility of electrons is high, should be stacked one upon the other. In such a case, in one of the channel regions, 
sufficient field effects cannot be attained, because the channel region is more distant from the gate electrode. In the 
structure of the present invention, however, such an inconvenience can be avoided. 

[0048] In still another embodiment of the semiconductor device functioning as a complementary device, carbon con- 
20 tained in the second silicon layer of the n-channel field effect transistor preferably has an equal composition to that of 
carbon contained in the fifth silicon layer of the p-channel field effect transistor. 

[0049] In such an embodiment, the second silicon layer of the n-channel field effect transistor and the fifth silicon layer 
of the p-channel field effect transistor can be formed during the same growth process step. As a result, the fabrication 
process can be simplified and the fabrication costs can be further cut down. 
25 [0050] In still another embodiment, the semiconductor device functioning as a complementary device preferably fur- 
ther includes a gate insulating film formed just under the gate electrode. And the thickness of the fifth silicon layer is 
preferably smaller than a critical thickness, which is determined by the composition of carbon and above which disloca- 
tions are generated. 

[0051] In still another embodiment, the second and fifth silicon layers may further contain germanium. 

30 [0052] In such an embodiment, by changing the compositions of germanium and carbon, the heights of the hetero- 
barriers at the edges of the valence band and the conduction band can be appropriately controlled depending on the 
type of the semiconductor device and so on. Thus, a channel that can confine carriers with high efficiency can be 
formed by using the same structure in common, no matter whether the channel is n-type or p-type. 
[0053] In this case, germanium contained in the second silicon layer preferably has an equal composition to that of 

35 germanium contained in the fifth silicon layer. 

[0054] In such an embodiment the second silicon layer of the n-channel field effect transistor and the fifth silicon layer 
of the p-channel field effect transistor can be formed during the same growth process step. As a result the fabrication 
process can be simplified and the fabrication costs can be further cut down. 

40 BRIEF DESCRIPTION OF THE DRAWINGS 



[0055] 

Figure 1 is a cross-sectional view illustrating the basic structure of the present invention, in which a second silicon 
45 layer (i.e., an Sij.yCy or Si 1 . x . y Ge x C y layer) containing carbon (or carbon and germanium) and having received a 
tensile strain is formed on a first silicon layer (Si layer). 

Figure 2(a) is a crystal structure diagram illustrating the lattice states of Si and Si^yCy layers before these layers 
are stacked one upon the other in the first to third embodiments; 

Figure 2(b) is a crystal structure diagram illustrating a state where the Si^yCy layer has received a tensile strain 

so after these layers have been stacked; and 

Figure 2(c) is a band diagram illustrating a heterojunction structure of the Si and Si-,. y C y layers. 
Figure 3 is a cross-sectional view illustrating the structure of an n-MOSFET of the first embodiment in which a sec- 
ond silicon layer, containing carbon and having received a tensile strain, is used as an n-channel. 
Figure 4(a) is a band diagram where a positive voltage has been applied to the gate electrode of the n-MOSFET in 

55 the first embodiment; 

Figure 4(b) is a band diagram where a heavily doped layer is further provided for the first silicon layer; and 

Figure 4(c) is a band cfiagram where a heavily doped layer is further provided for the third silicon layer. 

Figure 5 is a graph showing how the thickness of the second silicon layer, which is formed on the first silicon layer. 
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contains carbon and has received a tensile strain, should be changed with the composition of carbon in order not 
to generate dislocations in the second silicon layer. 

Figure 6 is a cross-sectional view illustrating the structure of a p-MOSFET of the second embodiment in which a 
second silicon layer, containing carbon and having received a tensile strain, is used as a p-channel. 
Figure 7(a) is a band diagram where a negative voltage has been applied to the gate electrode of the p-MOSFET 
in the second embodiment; 

Figure 7(b) is a band diagram where a heavily doped layer is further provided tor the first silicon layer; and 
Figure 7(c) is a band diagram where a heavily doped layer is further provided for the third silicon layer. 
Figure 8 is a cross-sectional view illustrating the structure of a CMOSFET, including n- and p-MOSFETs, of the 
third embodiment in which a second silicon layer, containing carbon and having received a tensile strain, is used 
as n-and p-channeis. 

Figure 9(a) is a crystal structure diagram illustrating the lattice states of Si and Si-i _ x _ y Ge x C y layers before these lay- 
ers are stacked one upon the other in the fourth to sixth embodiments; 

Figure 9(b) is a crystal structure diagram illustrating a state where the S\^. x .^3e x Cy layer has received a tensile 
strain after these layers have been stacked; and 

Figure 9(c) is a band diagram illustrating a heterojunction structure of the Si and Si 1 . x . y Qe x Cy layers. 
Figure 10 is a cross-sectional view illustrating the structure of an n-MOSFET of the fourth embodiment in which a 
second silicon layer (i.e., Si^.yGexCy layer) containing carbon and germanium and having received a tensile strain 
is used as an n-channel. 

Figure 11(a) is a band diagram where a positive voltage has been applied to the gate electrode of the n-MOSFET 
in the fourth embodiment; 

Rgure 1 1 (b) is a band diagram where a heavily doped layer is further provided for the first silicon layer; and 
Figure 1 1 (c) is a band diagram where a heavily doped layer is further provided for the third silicon layer. 
Rgure 12 is a graph showing how the thickness of the second silicon layer, which is formed on the first silicon layer, 
contains carbon and germanium and has received a tensile strain, should be changed with the compositions of car- 
bon and germanium in order not to generate dislocations in the second silicon layer. 

Figure 13 is a cross-sectional view illustrating the structure of a p-MOSFET of the fifth embodiment in which a sec- 
ond silicon layer (i.e., Sii_ x _ y Ge x C y layer) containing carbon and germanium and having received a tensile strain is 
used as a p-channel. 

Rgure 14(a) is a band diagram where a negative voltage has been applied to the gate electrode of the p-MOSFET 
in the fifth embodiment; 

Rgure 14(b) is a band diagram where a heavily doped layer is further provided for the first silicon layer; and 
Rgure 14(c) is a band diagram where a heavily doped layer is further provided for the third silicon layer. 
Rgure 15 is a cross-sectional view illustrating the structure of a CMOSFET. including n- and p-MOSFETs, of the 
sixth embodiment in which a second silicon layer, containing carbon and germanium and having received a tensile 
strain, is used as n- and p-channels. 

Rgure 16 is a cross-sectional view illustrating a conventional heterojunction structure in which a SiGe buffer layer, 
an Si^Ge* layer, the lattice strain of which has been relaxed, and a silicon layer having received a tensile strain 
are formed on a silicon substrate. 

Rgure 17(a) is a crystal structure diagram illustrating the lattice states of Si 1 . x Ge x and Si layers before these layers 
are stacked one upon the other in a conventional example; 

Rgure 17(b) is a crystal structure diagram illustrating a state where the Si layer has received a tensile strain after 
these layers have been stacked; and 

Rgure 17(c) is a band diagram illustrating a heterojunction structure of the Si^Ge* and Si layers. 



DESCRIPTION OF THE PREFERRED EMBODIMENTS 
EMBODIMENT 1 



[0056] Rgure 1 is a cross-sectional view illustrating an extracted multilayer structure consisting of a first silicon layer 
(Si layer) and a second silicon layer (i.e. . an Si 1 , y C y or Si-, .^G^Cy layer) containing carbon (or carbon and germanium) 
in order to explain the basic feature of the present invention. 

[0057] Figure 2(a) is a crystal structure diagram illustrating the lattice states of a first silicon layer (the Si layer) not 
containing carbon and a second silicon layer (the Sij.yCy layer) containing carbon before these layers are stacked one 
upon the other in the first to third embodiments. Rgure 2(b) is a crystal structure diagram illustrating a state where the 
Sij.yCy layer has received a tensile strain after these layers have been stacked. And Rgure 2(c) is a band diagram illus- 
trating a heterojunction structure of the Si and Si,_ y Cy layers that have been stacked. 

[0058] As shown in Rgure 2(a), the lattice constant of the silicon layer containing carbon, i.e., Sij _ y C y layer, is smaller 



EP 0 921 575 A2 



than that of Si layer, because the atomic diameter of carbon is smaller than that of silicon. Thus, if the Si^yCy layer is 
stacked on the Si layer, the Si^yCy layer receives a tensile strain from the Si layer as shown in Figure 2(b). In particular, 
if the Si^yCy layer has a thickness equal to or smaller than the critical thickness thereof at which dislocations are gen- 
erated, the Si^yCy layer receives a large tensile strain from the Si layer. And the energy band of the heterojunction 
5 structure consisting of the Si and Si t . y C y layers is as shown in Figure 2(c). 

[0059] Specifically, in the Si t . y C y layer, the sixfold degeneracy is dissolved in the conduction band, which is split into 
a twofold degenerate band A(2) and a fourfold degenerate band A(4). In this case, the edge of the conduction band in 
the Si^yCy layer is the twofold degenerate band A(2), where the effective mass of electrons is smaller than that of elec- 
trons in the Si layer. Also, the energy level of the twofold degenerate band A(2) is lower than that at the edge of the con- 
ic duction band in the Si layer. Accordingly, electrons can be confined by a heterobarrier formed between the second 
silicon layer (Si^yCy layer) and the 1trst silicon layer (Si layer). 

[0060] On the other hand, in the Si , .yC y layer, the twofold degeneracy is also dissolved in the valence band, which is 
split into a light-hole band LH and a heavy-hole band HH. In this case, the edge of the valence band in the SiYyCy layer 
is the band consisting of light holes having a smaller effective mass. The effective mass of the light holes is smaller than 
)5 that of holes in the Si layer. Thus, the energy level of the light-hole band is higher than that of Si in the valence band. 
Accordingly, holes can be confined by a heterobarrier formed between the second silicon layer (Si-t. y C y layer) and the 
first silicon layer (Si layer). 

[0061] Figure 3 is a cross-sectional view illustrating the structure of an n-MOSFET of the first embodiment in which 

the silicon layer containing carbon functions as an n-channel. 
20 [0062] As shown in Figure 3. a first silicon layer 12 (Si layer), a second silicon layer 13 containing carbon (Si t . y C y 

layer) and a third silicon layer 14 not containing carbon are stacked in this order by a UHV-CVD technique on a p-type 

silicon substrate 10. The second silicon layer 1 3 containing carbon functions as a channel region where electrons move. 

[0063] Figure 5 is a graph showing how the critical thickness Tc of a silicon layer, containing carbon and formed on a 

single crystalline silicon layer (not containing carbon), should be changed with the composition of carbon in order not 
25 to generate dislocations therein. The thickness of the second silicon layer 13 is preferably set at the critical thickness 

Tc or less such that dislocations are not generated because of a strain. Thus, in this embodiment, the content of carbon 

in the second silicon layer 1 3 is set at 2% and the thickness thereof is set at 10 nm. 

[0064] On the third silicon layer 1 4, a gate insulating film 1 5 is formed out of a silicon dioxide film by thermally oxidizing 
the third silicon layer 14. And on the gate insulating film 15, a gate electrode 16 is formed. On both sides below the gate 
so electrode 16, source/drain regions 17 and 18 are formed as n + layers. And on the source/drain regions 17 and 18, 
source/drain electrodes 19 and 20 are formed, respectively. 

[0065] Figures 4(a) through 4(c) are diagrams illustrating the band structure of the first, second and third silicon layers 
12, 13, 14, the gate insulating film 15 and the gate electrode 16, where the n-MOSFET shown in Figure 3 is operated 
by applying a positive voltage to the gate electrode 16. In Figure 4(a), the band structure is illustrated by the solid line 

35 in a simplified shape. However, in actuality, the edge of the conduction band is shaped as indicated by the broken line 
in Figure 4(a). Figure 4(b) illustrates a band structure where a heavily doped layer is further provided for the first silicon 
layer 12, and Figure 4(c) illustrates a band structure where a heavily doped layer is further provided for the third silicon 
layer 14. Electrons, which have been induced by the electric field applied to the gate electrode 1 6, are mainly confined 
in the second silicon layer 13, which is a channel region containing carbon and having received a tensile strain. As a 

40 result, the electrons move in a direction vertical to the paper sheet (i.e., a channel direction) of Figures 4(a) through 
4(c). That is to say, in this embodiment, electrons are confined in the second silicon layer 13 by a heterobarrier formed" 
between the first and second silicon layers 12, 13 and a heterobarrier formed between the second and third silicon lay- 
ers 1 3, 1 4. And since the effective mass of the electrons moving in this direction is small as described above, the mobil- 
ity of the electrons and the operating speed of the transistor increase as a result. Also, in the second silicon layer 13 

45 functioning as a channel region, the degeneracy is dissolved in the conduction band, which is split into bands A(2) and 
A(4). Accordingly, the scattering of the electrons between the valleys of these bands can be suppressed. Thus, it is 
expected that the mobility can be further increased. 

[0066] Furthermore, in this embodiment, a quantum well structure, in which the second silicon layer 13 as a channel 
region is interposed between the first and third silicon layers 1 2 and 14, each having a large band gap, is formed. Thus. 
so the induced electrons are confined in the quantum well, do not get over the heterobarriers and move stably even when 
the density of electrons is high. That is to say, a high-performance n-MOSFET having a quantum well structure can be 
provided using less expensive materials than compound semiconductors such as GaAs. 

[0067] In this embodiment, a buried -channel MOSFET, in which the second silicon layer 13 is provided as a channel 
region, where electrons move, under the third silicon layer 14. has been described. Alternatively, a surface-channel 
55 MOSFET, which does not include the third silicon layer 14 and in which the gate insulating film 1 5 is directly deposited 
or formed by thermal oxidation on the second silicon layer 13 as a channel region, may also be formed. Even in such a 
case, electrons can also be confined in the second silicon layer 13 by the heterobarrier formed between the first and 
second silicon layers 12. 13 and the gate insulating film 1 5. And, carriers can still be confined with higher efficiency than 
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an ordinary MOSFET and the effective mass of the electrons on the band A(2), formed by the dissolved degeneracy, Is 
still smaller than usual. Accordingly, the operating speed can be increased, too. 

[0068] Moreover, an energy level well, where electrons can be accumulated, is formed between the first and second 
silicon layers 12 and 13 as indicated by the broken line in Figure 4(a). Another energy level well, where electrons can 

5 be accumulated, is also formed between the second and third silicon layers 13 and 14. 

[0069] And if a heavily doped layer, containing a high -concentration dopant for carriers, is formed in a region closer 
to the heterobarrier between the first and second silicon layers 1 2, 1 3. then one of the two energy level wells can be 
used as a carrier-accumulating layer. As a result a so-called high electron mobility transistor (HEMT) may be formed 
(see Figure 4(b)). In such a case, the heavily doped layer for supplying carriers is spatially separated from the channel 

10 functioning as a carrier-accumulating layer. Thus, the carriers, moving through the channel, are not scattered by the ion- 
ized impurities, and therefore can move at a high velocity. 

[0070] However, in the energy band structure shown in Figure 4(b), it depends on the level of the voltage applied to 
the gate electrode 16 which of the two wells constitutes a carrier-accumulating layer. Specifically, If the voltage applied 
to the gate electrode 16 is relatively high, the energy level well between the second and third silicon layers 1 3 and 14 
is constitutes a carrier-accumulating layer. Alternatively, if the voltage applied to the gate electrode 16 is relatively low, the 
energy level well between the first and second silicon layers 1 2 and 1 3 constitutes a carrier-accumulating layer. Further- 
more. H the voltage applied to the gate electrode 1 6 is an intermediate value, any of these two energy level wells can 
be a carrier-accumulating layer. 

[0071] On the other hand, if a heavily doped layer, containing a high-concentration dopant for carriers, is formed in a 
20 region closer to the heterobarrier between the second and third silicon layers 13, 14, then an HEMT, in which the energy 
level well between the second and third silicon layers 13, 14 constitutes a carrier-accumulating layer, is formed (see Fig- 
ure 4(c)). In such a case, the velocity of moving carriers can also be increased because of the same reason as that 
described above. 

[0072] If the heavily doped layer is formed in the third silicon layer 14 (see Figure 4(c)), the heavily doped layer itself 
25 might be a channel depending on specific operating conditions, i.e., the dopant concentrations and thicknesses of the 
respective silicon layers 12 to 14 and the heavily doped layer and the voltage applied to the gate electrode 16. Thus, 
the heavily doped layer may be selectively formed either in the first silicon layer 12 or the third silicon layer 1 4 in accord- 
ance with the structures of respective parts and the operating conditions of a field effect transistor. 
[0073] Also, the energy level well (i.e., the portion indicated by the broken line in Figure 4(a)) between the second and 
30 third silicon layers 13, 14 may be used as a channel, not as a carrier-accumulating layer. In such a case, a channel 
where electrons move exists just under the third silicon layer 14, not under the gate insulating film 15. 
[0074] In a general MOS transistor, a channel region exists just under a gate insulating film. Thus, electrons, moving 
through the channel, are scattered by the roughness of, or by an interface level existing in, the surface of a silicon layer 
in contact with the gate insulating film. As a result, the mobility of the electrons decreases. In contrast, in the structure 
35 of this embodiment, almost no interface levels exist between the second and third silicon layers 1 3, 14. In addition, the 
surface of the second silicon layer 13 is flat, because, in general, the second and third silicon layers 13. 14 are formed 
continuously by epitaxy. As a result the mobility of the electrons moving through the channel increases. 
[0075] That is to say. a higher operating speed is ensured as compared with a general MOS transistor. 

40 EMBODIMENT 2 

[0076] Figure 6 is a cross-sectional view illustrating the structure of a p-MOSFET of the second embodiment in which 
a silicon layer containing carbon is used as a p-channel. 

[0077] As shown in Figure 6, a first silicon layer 22. a second silicon layer 23 containing carbon and a third silicon 
45 layer 24 not containing carbon are stacked in this order by a UHV-CVD technique on an n-type silicon substrate 1 0. The 
second silicon layer 23 containing carbon functions as a channel region where holes move. In this embodiment, the 
thickness of the second silicon layer 23 is also preferably set at the critical thickness Tc or less such that dislocations 
are not generated because of a strain. Thus, in this embodiment the content of carbon in the second silicon layer 23 is 
set at 2% and the thickness thereof is set at 10 nm. 
so [0078] On the third silicon layer 24. a gate insulating film 25 is formed out of a silicon dioxide film by thermally oxidizing 
the third silicon layer 24. On the gate insulating film 25. a gate electrode 26 is formed. On both sides below the gate 
electrode 26. source/drain regions 27 and 28 are formed as p + layers. And on the source/drain regions 27 and 28, 
source/drain electrodes 29 and 30 are formed, respectively. 

[0079] In this case, as shown in Figure 1 and Figures 2(a) through 2(c) in the first embodiment the lattice constant 
55 of the second silicon layer 23 containing carbon is smaller than that of the first silicon layer 22 not containing carbon. 
Thus, the second silicon layer 23 receives a tensile strain. As a result, the valence band of the second silicon layer 23 
is split into a light-hole band LH and a heavy-hole band HH as shown in Figure 2(c). In this case, the edge of the 
valence band of the second silicon layer 23 containing carbon is the band consisting of light holes having a smaller 
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effective mass. The effective mass of the light holes is smaller than that of holes in the first silicon layer 22. Thus, if a p- 
MOSFET is formed using the second silicon layer 23 having such a band structure as a channel region, then the mobil- 
ity of holes increases, because the effective mass of the holes is smaller. As a result, the operating speed of the tran- 
sistor increases. In addition, since the energy level of the LH band is higher than that at the edge of the valence band 
5 in the first silicon layer 22, a heterobarrier for confining holes having a smaller effective mass is formed in the second 
silicon layer 23. 

[0080] Figures 7(a) through 7(c) are diagrams illustrating the band structure of the first, second and third silicon layers 
22. 23, 24, the gate insulating film 25 and the gate electrode 26. where the p-MOSFET shown in Figure 6 is operated 
by applying a negative voltage to the gate electrode 26. In Figure 7(a), the band structure is illustrated by the solid line 

10 in a simplified shape. However, in actuality, the edge of the valence band is shaped as indicated by the broken line in 
Figure 7(a). Figure 7(b) illustrates a band structure where a heavily doped layer is further provided for the first silicon 
layer 22, and Figure 7(c) illustrates a band structure where a heavily doped layer is further provided for the third silicon 
layer 24. Holes, which have been induced by the electric field applied to the gate electrode 26, are mainly confined in 
the second silicon layer 23. which is a channel region containing carbon and having received a tensile strain. As a 

is result, the holes move in a direction vertical to the paper sheet of Figures 7(a) through 7(c) (i.e., a channel direction). 
That is to say, in this embodiment, holes are confined in the second silicon layer 23 by a heterobarrier formed between 
the first and second silicon layers 22, 23 and a heterobarrier formed between the second and third silicon layers 23. 24. 
And since the edge of the valence band in the second silicon layer 23 containing carbon and having received a tensile 
strain is an LH band having a smaller effective mass as described above, the mobility of the holes and the operating 

20 speed of the transistor increases as a result 

[0081] Furthermore, in this embodiment, a quantum well structure, in which the second silicon layer 23 as a channel 
region is interposed between the first and third silicon layers 22 and 24, each having a large band gap, is formed. Thus, 
the induced electrons are confined in the quantum well, do not get over the heterobarriers and move stably even when 
the density of holes is high. That is to say, a high-performance p-MOSFET having a quantum well structure can be pro- 

25 vided using less expensive materials than compound semiconductors such as GaAs. 

[0082] In this embodiment, a buried -channel MOSFET, in which the second silicon layer 23 is provided as a channel 
region, where holes move, under the third silicon layer 24. has been described. Alternatively, a surface -channel MOS- 
FET, which does not include the third silicon layer 24 and in which the gate insulating film 25 is directly deposited or 
formed by thermal oxidation on the second silicon layer 23 as a channel region, may also be formed. Even in such a 

30 case, holes can also be confined in the second silicon layer 23 by the heterobarrier formed between the first and second 
silicon layers 22, 23 and the gate insulating film 25. And, carriers can still be confined with higher efficiency than an ordi- 
nary MOSFET and the effective mass of the tight holes, formed by the dissolved degeneracy, is still smaller than usual. 
Accordingly, the operating speed can be increased, too. 

[0083] Moreover, an energy level well, where holes can be accumulated, is formed between the first and second sili- 
35 con layers 22 and 23 as indicated by the broken line in Figure 7(a). Another energy level well, where holes can be accu- 
mulated, is also formed between the second and third silicon layers 23 and 24. 

[0084] And if a heavily doped layer, containing a high-concentration dopant for carriers, is formed in a region closer 
to the heterobarrier between the first and second silicon layers 22, 23, then one of the two energy level wells can be 
used as a carrier-accumulating layer. As a result, a so-called high electron mobility transistor (HEMT) may be formed 
40 (see Figure 7(b)). In such a case, the heavily doped layer for supplying carriers is spatially separated from the channel 
functioning as a carrier-accumulating layer. Thus, the carriers, moving through the channel, are not scattered by the iori^ 
ized Impurities, and therefore can move at a high velocity. 

[0085] However, in the energy band structure shown in Figure 7(b). it depends on the level of the voltage applied to 
the gate electrode 26 which of the two weds constitutes a carrier-accumulating layer. Specifically, if the voltage applied 

45 to the gate electrode 26 is relatively high, the energy level well between the second and third silicon layers 23 and 24 
constitutes a carrier-accumulating layer. Alternatively, H the voltage applied to the gate electrode 26 is relatively low, the 
energy level well between the first and second silicon layers 22 and 23 constitutes a carrier-accumulating layer. Further- 
more, if the voltage applied to the gate electrode 26 is an intermediate value, any of these two energy level wells can 
be a carrier-accumulating layer. 

so [0086] On the other hand, if a heavily doped layer, containing a high-concentration dopant for carriers, is formed in a 
region closer to the heterobarrier between the second and third silicon layers 23. 24, then an HEMT, in which the energy 
level well between the second and third silicon layers 23. 24 constitutes a carrier-accumulating layer, is formed (see Fig- 
ure 7(c)). In such a case, the velocity of moving earners can also be increased because of the same reason as that 
described above. 

55 [0087] If the heavily doped layer is formed in the third silicon layer 24 (see Figure 7(c)). the heavily doped layer itself 
might be a channel depending on specific operating conditions, i.e., the dopant concentrations and thicknesses of the 
respective silicon layers 22 to 24 and the heavily doped layer and the voltage applied to the gate electrode 26. Thus, 
the heavily doped layer may be selectively formed either in the first silicon layer 22 or the third silicon layer 24 in accord- 
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ance with the structures of respective parts and the operating conditions of a field effect transistor. 
[0088] Also, the energy level well (a portion indicated by the broken line in Figure 7(a)) between the second and third 
silicon layers 23, 24 may be used as a channel, not as a carrier-accumulating layer. In such a case, a channel where 
holes move exists just under the third silicon layer 24, not under the gate insulating film 25. 
5 [0089] In a general MOS transistor, a channel region exists just under a gate Insulating film. Thus, holes, moving 
through the channel, are scattered by the roughness of, or by an interface level existing in, the surface of a silicon layer 
in contact with the gate Insulating film. As a result, the mobility of the holes decreases. In contrast, in the structure of 
this embodiment, almost no interface levels exist between the second and third silicon layers 23, 24. In addition, the sur- 
face of the second silicon layer 23 is flat, because, in general, the second and third silicon layers 23. 24 are formed con- 
ic tinuously by epitaxy. As a result, the mobility of the holes moving through the channel increases. 

[0090] That is to say, a higher operating speed is ensured as compared with a general MOS transistor. 

EMBODIMENT 3 

is [0091] Figure 8 is a cross-sectional view illustrating the structure of a CMOSFET, including n- and p-MOSFETs, of 
the third embodiment in which a silicon layer containing carbon is used as n- and p-channels. 

[0092] The CMOSFET of this embodiment basically has a structure in which the n-MOSFET of the first embodiment 
and the p-MOSFET of the second embodiment are formed on the silicon substrate 10 to be adjacent to each other via 
an Si0 2 isolating well therebetween. As shown in Figure 8, a p-well 1 1 is formed under the n-MOSFET and an n-well 

20 21 is formed under the p-MOSFET. 

[0093] In the n-MOSFET. the first silicon layer 12, the second silicon layer 1 3 containing carbon and the third silicon 
layer 14 not containing carbon are stacked in this order by a UHV-CVD technique on the d-wgII 11. The second silicon 
layer 1 3 containing carbon functions as an n-channel region where electrons move. The thickness of the second silicon 
layer 13 is preferably set at the critical thickness Tc or less such that dislocations are not generated because of a strain. 

25 Thus, in this embodiment, the content of carbon in the second silicon layer 1 3 is set at 2% and the thickness thereof is 
set at 10 nm. On the third silicon layer 14. a gate insulating film is formed out of a silicon dioxide film by thermally oxi- 
dizing the third silicon layer 14. On the gate insulating film, a gate electrode 16 is formed. On both sides below the gate 
electrode 16, source/drain regions 17 and 18 are formed as n + layers. And on the source/drain regions 17 and 18. 
source/drain electrodes 1 9 and 20 are formed, respectively. 

30 [0094] On the other hand, in the p-MOSFET. the first silicon layer 22, the second silicon layer 23 containing carbon 
and the third silicon layer 24 not containing carbon are stacked in this order by a UHV-CVD technique on the n-well 21 . 
The second silicon layer 23 containing carbon functions as a p-channel region where holes move. In the p-MOSFET, 
the content of carbon in the second silicon layer 23 is also set at 2% and the thickness thereof is also set at 10 nm. On 
the third silicon layer 24, a gate insulating film is formed out of a silicon dioxide film by thermally oxidizing the third silicon 

35 layer 24. On the gate insulating film, a gate electrode 26 is formed. On both sides below the gate electrode 26. 
source/drain regions 27 and 28 are formed as p + layers. And on the source/drain regions 27 and 28, source/drain elec- 
trodes 29 and 30 are formed, respectively. 

[0095] In this embodiment, in both the n- and p-MOSFETs. channel regions where carriers move are formed out of 
the second silicon layers 13. 23 both containing carbon and having received a tensile strain. 

40 [0096] As described in the first and second embodiments, the energy level at the edge of the conduction band is lower 
in the second silicon layer 13, 23. containing carbon and having received a tensile strain, than in the first silicon layer " w 
12, 22 not containing carbon. On the other hand, the energy level at the edge of the valence band is higher in the sec- 
ond silicon layer 13, 23 than in the first silicon layer 12, 22. Thus, energy barriers for confining carriers in the second 
silicon layer 13, 23 are formed in both the conduction and valence bands. Accordingly, channel regions for confining 

45 both electrons and holes can be formed in the second silicon layers 1 3. 23. 

[0097] In a conventional CMOSFET mainly composed of SiGe/Si and using a heterojunction structure (see Japanese 
Laid-Open Publication No. 61-282278, for example), a heterobamer for confining electrons and holes in channel 
regions cannot be made of a single composition. Thus, crystalline layers, to be n- and p-channels, respectively, must 
be made of different compositions and these layers must be stacked one upon the other. However, in such a structure. 

so the crystal growing process is adversely complicated and the throughput might decrease. Also, the lower one of the n- 
and p-channels is more distant from a gate insulating film. Thus, even if a voltage is applied to the gate, an electric field 
having a sufficiently high intensity might not reach the lower channel region. Moreover, since a thick buffer layer is indis- 
pensable for reducing the lattice strain, the conventional structure has problems in terms of reliability and throughput as 
mentioned above. 

55 [0098] By contrast, in this embodiment, heterobarriers for confining earners are formed in both the conduction and 
valence bands of the Si^Cy layer, which is formed on the Si layer and has received a tensile strain. Thus, the Sit. y C y 
layer can be used both as n- and p-channels. In other words, the n- and p-channels, where electrons and holes respec- 
tively move at high velocities, can be formed in the second silicon layers 13 and 23. As a result, in either the n- or p- 
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MOSFET, the second silicon layer 1 3, 23 to be a channel region can be formed in the vicinity of the gate insulating film. 
Accordingly, an electric field produced by the voltage applied to the gate electrode 16, 26 can be applied to the channel 
region with much more certainty. Furthermore, unlike the prior art, no thick buffer layer is required for reducing the lattice 
strain. Consequently, the crystal growing process step can be simplified during the fabrication process, and the reliabil- 
5 ity and throughput can be improved. 

EMBODIMENT 4 

[0099] In the following fourth to sixth embodiments, the basic heterojunction structure of the present invention shown 
10 in Figure 1 is also employed. That is to say, in these embodiments, a second silicon layer made of Si^yGexCy is sup- 
posed to be stacked on the first silicon layer made of Si. 

[0100] Figure 9(a) is a crystal structure diagram illustrating the lattice states of a first silicon layer not containing car- 
bon (Si layer) and a second silicon layer containing carbon and germanium (Si^yGexCy layer) before these layers are 
stacked one upon the other in the fourth to sixth embodiments. Figure 9(b) is a crystal structure diagram illustrating a 

is state where the Si^.yGexCy layer has received a tensile strain after these layers have been stacked. And Figure 9(c) 
is a band diagram illustrating a heterojunction structure of the Si and Si 10( .yGe x Cy layers that have been stacked. 
[0101] First, as shown in Figure 9(a). K the relationship between the compositions x. y of germanium and carbon is 
represented as x<8.2y, then the lattice constant of the second silicon layer (Si^x-yGiexCy layer) containing carbon and 
germanium is smaller than that of the first silicon layer (Si layer). Thus, if the Sij.x-yGexCy layer is grown on the Si layer, 

20 the Si 1 . x . y Ge x C y layer receives a tensile strain as shown in Figure 9(b). In particular, if the Si^.yGexCy layer has a thick- 
ness equal to or smaller than the critical thickness Tc thereof, the Si^.yGexCy layer receives a large tensile strain. 
Owing to the tensile strain, the degeneracy is dissolved in the conduction band of the Si^x-yGe^Cy layer. As a result, 
the edge of the conduction band becomes A(2) as shown in Figure 9(c). Consequently, band discontinuity is generated 
in the conduction band in the vicinity of the interface between the first and second silicon layers 52, 53. 

25 [01 02] Specifically, in the S\^ x . y Ge x C y layer, the sixfold degeneracy is dissolved in the conduction band, which is split 
into a twofold degenerate band A(2) and a fourfold degenerate band A(4). In this case, the edge of the conduction band 
in the Si^x.yGe^Cy layer is the twofold degenerate band A (2), where the effective mass of electrons is smaller than that 
of electrons in the Si layer. Also, the energy level of the twofold degenerate band A(2) is lower than that at the edge of 
the conduction band in the Si layer. Accordingly, electrons can be confined by a heterobarrier formed between the sec- 

30 ond silicon layer (Si 1 . x . y Ge x C y layer) and the first silicon layer (Si layer). 

[0103] On the other hand, in the Si^x-yGexCy layer, the twofold degeneracy is also dissolved in the valence band, 
which is split into a light-hole band LH and a heavy-hole band HH. In this case, the edge of the valence band of the Si^ 
x. y Ge x C y layer is the band consisting of light holes having a smaller effective mass. The effective mass of the light holes 
is smaller than that of holes in the Si layer. Thus, the energy level of the light-hole band is higher than that of the valence 

35 band of Si. Accordingly, holes can be confined by a heterobarrier formed between the second silicon layer (Si^x.yGexCy 
layer) and the first silicon layer (Si layer). 

[0104] As described by K Brunner. W Winter, K. Eberl, N.Y. Jin-Phillipp and F. Phillipp in "Fabrication and Band Align- 
ment of Pseudomorphic Sij.yCy, Si-^.yGexCy and Coupled Si^yCy/Si^yGexCy Quantum Well Structures on Si Sub- 
strates", Journal of Crystal Growth 1757176 (1997), pp. 451-458, the height of the heterobarrier can be larger than the 
40 case using the second silicon layer not containing Ge (Si^yCy layer). For example, if the concentration of C is 6%, then 
the heights of heterobarriers formed at the edges of the conduction and valence bands are variable with the exisf- 
ence/absence of Ge (28%) as follows: 



[Table 1] 





Heterobarrier at Edge of 
Conduction Band 


Heterobarrier at Edge of 
valence Band 


Sio-34CoWSi 


280 me V 


90meV 


(Sio.7Geo. 3 )o54Cyo.o6^ 


145 meV 


125 me V 



That is to say, the heterobarrier becomes smaller at the edge of the conduction band and larger at the edge of the 
valence band. The heterobarrier may be larger in Si^x-yGexCy having received a tensile strain than in Si^yCy having 
55 received a tensile strain. Thus, by making the second silicon layer of Si^yGexCy having received a tensile strain, not 
Sit.yCy* holes can be confined more efficiently and a device is more suitable for high-speed operation. 
[0105] Also, by changing the mole fractions x and y in Si t .^Ge^Cy, the ratio of the height of the heterobarrier at the 
edge of the conduction band to that at the edge of the valence band can be controlled at a desired value. 
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[0106] Figure 1 0 is a cross-sectional view illustrating the structure of an n-MOSFET of the fourth embodiment in which 
a silicon layer, containing carbon and germanium and having received a tensile strain, is used as a channel region. 
[0107] As shown in Figure 10, a first silicon layer 52 not containing carbon or germanium, a second silicon layer 53 
containing carbon and germanium and having received a tensile strain, and a third silicon layer 54 not containing car* 

5 bon or germanium are stacked in this order by a UHV-CVD technique on a p-type silicon substrate 50. The second sil- 
icon layer 53 containing carbon and germanium functions as a channel region where electrons move. 
[0108] Hereinafter, the critical thickness of the second silicon layer 53 containing carbon and germanium will be 
described. Figure 1 2 is a graph showing how the critical thickness Tc should be changed with the compositions of car- 
bon and germanium in the second silicon layer 53 in order not to generate dislocations in the Si^G^Cy layer. As 

10 shown in Figure 12, the second silicon layer 53, which is formed on a single crystalline silicon layer not containing car- 
bon and is represented by a formula Sit_ x _yGe x C y containing carbon and germanium, receives a tensile strain and has 
almost no dislocations if the relationship between the compositions x, y of germanium and carbon is represented as 
x<8.2y and the thickness thereof is the critical thickness Tc or less. In this embodiment, in order not to generate dislo- 
cations by setting the thickness of the second silicon layer 53 at the critical thickness Tc or less, the compositions of 

is germanium and carbon in the second silicon layer 53 are set at 20% and 4%, respectively. And the thickness thereof is 
set at 1 0 nm. 

[01 09] On the third silicon layer 54, a gate insulating film 55 is formed out of a silicon dioxide film by thermally oxidizing 
the third silicon layer 54. On the gate insulating film 55, a gate electrode 56 is formed. On both sides below the gate 
electrode 56, source/drain regions 57 and 58 are formed as n + layers. And on the source/drain regions 57 and 58, 
20 source/drain electrodes 59 and 60 are formed, respectively. The electrons moving through the second silicon layer 53, 
which is a channel region containing carbon and germanium and having received a tensile strain, are controlled by the 
voltage applied to the gate electrode 56. 

[0110] Figures 11(a) through 11(c) are diagrams illustrating the band structure of the first, second and third silicon 
layers 52, 53, 54, the gate insulating film 55 and the gate electrode 56, where the n-MOSFET shown in Figure 10 is 

25 operated by applying a positive voltage to the gate electrode 56. In Figure 1 1 (a), the band structure is illustrated by the 
solid line in a simplified shape. However, in actuality, the edge of the conduction band is shaped as indicated by the bro- 
ken line in Figure 1 1(a). Figure 11(b) illustrates a band structure where a heavily doped layer is further provided for the 
first silicon layer 52, and Figure 1 1 (c) illustrates a band structure where a heavily doped layer is further provided for the 
third silicon layer 54. Electrons, which have been induced by the electric field applied to the gate electrode 56, are 

30 mainly confined in the second silicon layer 53, which is a channel region containing carbon and germanium and having 
received a tensile strain. As a result, the electrons move in a direction vertical to the paper sheet of Figures 11(a) 
through 1 1 (c) (i.e., a channel direction). That is to say, in this embodiment, electrons are confined in the second silicon 
layer 53 by a heterobarrier formed between the first and second silicon layers 52. 53 and a heterobarrier formed 
between the second and third silicon layers 53, 54. And since the effective mass of the electrons, moving in this direc- 

35 tion, is small as described above, the mobility of the electrons and the operating speed of the transistor increase as a 
result. Also, in the second silicon layer 53 as a channel region, the degeneracy is dissolved in the conduction band, 
which is split into bands A(2) and A(4). Accordingly, the scattering of the electrons between the valleys of these bands 
can be suppressed. Thus, it is expected that the mobility can be further increased. 

[01 1 1] Furthermore, in this embodiment, a quantum well structure, in which the second silicon layer 53 as a channel 
44? region is interposed between the first and third silicon layers 52 and 54, each having a large band gap, is formed. Thus, 
the induced electrons are confined in the quantum well, do not get over the heterobariiers and move stably even when ~ 
the density of electrons is high. That is to say. a high-performance n-MOSFET having a quantum well structure can be 
provided using less expensive materials than compound semiconductors such as GaAs. 

[01 12] As can be understood, if the channel region of an n-MOSFET is formed out of the second silicon layer 53 con- 
45 taining carbon and germanium and having received a tensile strain, the operating speed of the n-MOSFET can be 
increased. 

[01 13] In this embodiment, a buried -channel MOSFET, in which the second silicon layer 53 is provided as a channel 
region, where electrons move, under the third silicon layer 64, has been described. Alternatively, a surface-channel 
MOSFET, which does not include the third silicon layer 64 and in which the gate insulating film 65 is directly deposited 

so or formed by thermal oxidation on the second silicon layer 53 as a channel region, may also be formed. Even in such a 
case, electrons can also be confined in the second silicon layer 53 by the heterobarrier formed between the first and 
second silicon layers 52, 53 and the gate insulating film 55. And carriers can still be confined with higher efficiency than 
an ordinary MOSFET and the effective mass of the electrons on the band A(2), formed by the dissolved degeneracy, is 
still smaller than usual. Accordingly, the operating speed can be increased, too. 

55 [01 1 4] Moreover, an energy level well, where electrons can be accumulated, is formed between the first and second 
silicon layers 52 and 53 as indicated by the broken line in Figure 1 1 (a). Another energy level well, where electrons can 
be accumulated, is also formed between the second and third silicon layers 53 and 54. 

[01 1 5] And if a heavily doped layer, containing a high-concentration dopant for carriers, is formed in a region closer 
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to the heterobarrier between the first and second silicon layers 52, 53, then one of the two energy level wells can be 
used as a carrier-accumulating layer. As a result, a so-called high electron mobility transistor (HEMT) may be formed 
(see Figure 1 1(b)). In such a case, the heavily doped layer for supplying carriers is spatially s eparated from the channel 
functioning as a carrier-accumulating layer. Thus, the carriers, moving through the channel, are not scattered by the ion- 

5 ized impurities, and therefore can move at a high velocity. 

[0116] However, in the energy band structure shown in Figure 11(b), it depends on the level of the voltage applied to 
the gate electrode 56 which of the two wells constitutes a carrier-accumulating layer. Specifically, if the voltage applied 
to the gate electrode 56 is relatively high, the energy level well between the second and third silicon layers 53 and 54 
constitutes a carrier-accumulating layer. Alternatively, if the voltage applied to the gate electrode 56 is relatively low, the 

io energy level well between the first and second silicon layers 52 and 53 constitutes a carrier-accumulating layer. Further- 
more, if the voltage applied to the gate electrode 56 is an intermediate value, any of these two energy level wells can 
be a carrier-accumulating layer. 

[0117] On the other hand, if a heavily doped layer, containing a high-concentration dopant for carriers, is formed in a 
region closer to the heterobarrier between the second and third silicon layers 53, 54, then an HEMT, in which the energy 
is level well between the second and third silicon layers 53, 54 constitutes a carrier-accumulating layer, is formed (see Fig- 
ure 1 1 (c)). In such a case, the velocity of moving earners can also be increased because of the same reason as that 
described above. 

[01 18] If the heavily doped layer is formed in the third silicon layer 54 (see Figure 1 1 (c)), the heavily doped layer itself 
might be a channel depending on specific operating conditions, i.e., the dopant concentrations and thicknesses of the 

20 respective silicon layers 52 to 54 and the heavily doped layer and the voltage applied to the gate electrode 56. Thus, 
the heavily doped layer may be selectively formed either in the first silicon layer 52 or the third silicon layer 54 in accord- 
ance with the structures of respective parts and the operating conditions of a field effect transistor. 
[01 19] Also, the energy level well (i.e., the portion indicated by the broken line in Figure 11(a)) between the second 
and third silicon layers 53. 54 may be used as a channel, not as a carrier-accumulating layer. In such a case, a channel 

25 where electrons move exists just under the third silicon layer 54. not under the gate insulating film 55. Consequently, as 
described in the first embodiment, a higher operating speed is ensured as compared with a general MOS transistor. 

EMBODIMENT 5 

30 [01 20] Figure 1 3 is a cross-sectional view illustrating the structure of a p-MOSFET of the fifth embodiment in which a 
silicon layer containing carbon and germanium and having received a tensile strain is used as a channel region. 
[0121] As shown in Figure 13, a first silicon layer 62 not containing carbon or germanium, a second silicon layer 63 
containing carbon and germanium and having received a tensile strain, and a third silicon layer 64 not containing car- 
bon or germanium are stacked in this order by a UHV-CVD technique on an n-type silicon substrate 50. The second 

35 silicon layer 63 containing carbon and germanium functions as a channel region where holes move. 

[0122] As described above, the second silicon layer 63, which is formed on the Si layer not containing carbon and is 
represented by a formula Sit.x.yGexCy containing carbon and germanium, receives a tensile strain if the relationship 
between the compositions x. y of germanium and carbon is represented as x<8.2y. In order not to generate dislocations 
owing' to a strain, the thickness of the second silicon layer 63 is set at the critical thickness Tc or less. Thus, in this 

40 embodiment, the compositions of germanium and carbon in the second silicon layer 63 are set at 20% and 4%, respec- 
tively, and the thickness thereof is set at 1 0 nm. 

[01 23] On the third silicon layer 64, a gate insulating film 65 is formed out of a silicon dioxide film by thermally oxidizing 
the third silicon layer 64. On the gate insulating film 65. a gate electrode 66 is formed. On both sides below the gate 
electrode 66. source/drain regions 67 and 68 are formed as p* layers. And on the source/drain regions 67 and 68, 
45 source/drain electrodes 69 and 70 are formed, respectively. The holes moving through the second silicon layer 63. 
which is a channel region containing carbon and germanium and having received a tensile strain, are controlled by the 
voltage applied to the gate electrode 66. 

[0124] As described above, the second silicon layer 63. containing carbon and germanium, receives a tensile strain 
and has almost no dislocations at the regions where the relationship between the compositions x, y of germanium and 

so carbon is represented as x<8.2y and the thickness thereof is at the critical thickness Tc or less. 

[0125] On the other hand, in Si 1 .^yGe^C^ the degeneracy ts also dissolved in the valence band, which is split into a 
light-hole band LH and a heavy-hole band HH. In this case, the edge of the valence band of Si-i.^yGexCy is the band 
consisting of light holes having a smaller effective mass. The effective mass of the light holes is smaller than that of 
holes in the first silicon layer 62. Comparing Figures 10(c) and 2(c) with each other, it is clear that the energy level drf- 

55 ference between the light-hole band LH in the silicon layer (Si^x-yGexCy layer) containing carbon and germanium and 
having received a tensile strain and the edge of the valence band in the silicon layer not containing any of these is larger 
than that between the light-hole band LH in the silicon layer (Si^yCy layer) containing carbon and having received a ten- 
sile strain and the edge of the valence band in the silicon layer not containing carbon. Thus, if the silicon layer (Si^. 
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y Ge x C y layer) containing carbon and germanium and having received a tensile strain is used as a p-channel, a larger 
heterobarrier is formed as compared with using the silicon layer (Si^yCy layer) containing carbon and having received 
a tensile strain as a p-channel. Accordingly, holes are expected! y confined more effectively. 

[0126] Figures 14(a) through 14(c) are diagrams illustrating the band structure of the first, second and third silicon 
5 . layers 62, 63, 64, the gate insulating film 65 and the gate electrode 66, where the p-MOSFET shown in Figure 13 is 
operated by applying a negative voltage to the gate electrode 66. In Figure 14(a). the band structure is illustrated by the 
solid line in a simplified shape. However, in actuality, the edge of the valence band is shaped as indicated by the broken 
line in Figure 14(a). Figure 14(b) illustrates a band structure where a heavily doped layer is further provided for the first 
silicon layer 62. and Figure 14(c) illustrates a band structure where a heavily doped layer is further provided for the third 
10 silicon layer 64. Holes, which have been induced by the electric field applied to the gate electrode 66, are mainly con- 
fined in the second silicon layer 63. which is a channel region containing carbon and germanium and having received 
a tensile strain. As a result, the holes move in a direction vertical to the paper sheet (i.e., a channel direction). That is 
to say, in this embodiment holes are confined in the second silicon layer 63 by a heterobarrier formed between the first 
and second silicon layers 62, 63 and a heterobarrier formed between the second and third silicon layers 63. 64. And 
75 since the edge of the valence band in the second silicon layer 63 is a light-hole band LH having a smaller effective 
mass, the effective mass of the holes, moving in this direction, is small. As a result, the mobility of the holes and the 
operating speed of the transistor increase. 

[0127] Furthermore, in this embodiment, a quantum well structure, in which the second silicon layer 63 as a channel 
region is interposed between the first and third silicon layers 62 and 64 having large band gaps, is formed. Thus, the 
20 induced holes are confined in the quantum well, do not get over the heterobarriers and move stably even when the den- 
sity of holes is high. That is to say, a high-performance p-MOSFET having a quantum well structure can be provided 
using less expensive materials than compound semiconductors such as GaAs. 

[0128] As can be understood, if the channel region of a p-MOSFET is formed out of the second silicon layer 63 con- 
taining carbon and germanium and having received a tensile strain, the operating speed of the p-MOSFET can be 
25 increased. 

[0129] In this embodiment, a buried-channel MOSFET. in which the second silicon layer 63 is provided as a channel 
region, where holes move, under the third silicon layer 64. has been described. Alternatively, a surface-channel MOS- 
FET. which does not include the third silicon layer 64 and in which the gate insulating film 65 is directly deposited or 
formed by thermal oxidation on the second silicon layer 63 as a channel region, may also be formed. Even in such a 
30 case, holes can also be confined in the second silicon layer 63 by the heterobarrier formed between the first and second 
silicon layers 62, 63 and the gate insulating film 65. And carriers can still be confined with higher efficiency than an ordi- 
nary MOSFET and the effective mass of light holes, formed by dissolved degeneracy, is still smaller than usual. Accord- 
ingly, the operating speed can be increased, too. 

[0130] Moreover, an energy level well, where holes can be accumulated, is formed between the first and second sili- 
35 con layers 62 and 63 as indicated by the broken line in Figure 14(a). Another energy level well, where holes can be 
accumulated, is also formed between the second and third silicon layers 63 and 64. 

[0131] And if a heavily doped layer, containing a high-concentration dopant for carriers, is formed in a region closer 
to the heterobarrier between the first and second silicon layers 62, 63, then one of the two energy level wells can be 
used as a carrier-accumulating layer. As a result a so-called high electron mobility transistor (HEMT) may be formed 
40 (see Figure 1 4(b)). In such a case, the heavily doped layer for supplying carriers is spatially separated from the channel 
functioning as a carrier-accumulating layer. Thus, the carriers, moving through the channel, are not scattered by the Ion- 
ized impurities, and therefore can move at a high velocity. 

[0132] However, in the energy band structure shown in Figure 14(b), it depends on the level of the voltage applied to 
the gate electrode 66 which of the two wells constitutes a earner-accumulating layer. Specifically, H the voltage applied 

45 to the gate electrode 66 is relatively high, the energy level well between the second and third silicon layers 63 and 64 
constitutes a carrier-accumulating layer. Alternatively, if the voltage applied to the gate electrode 66 is relatively low, the 
energy level well between the first and second silicon layers 62 and 63 constitutes a carrier-accumulating layer. Further- 
more, H the voltage applied to the gate electrode 66 is an intermediate value, any of these two energy level wells can 
be a carrier-accumulating layer. 

so [0133] On the other hand, if a heavily doped layer, containing a high-concentration dopant for carriers, is formed in a 
region closer to the heterobarrier between the second and third silicon layers 63, 64. then an HEMT. in which the energy 
level well between the second and third silicon layers 63, 64 constitutes a carrier-accumulating layer, is formed (see Fig- 
ure 14(c)). In such a case, the velocity of moving carriers can also be increased because of the same reason as that 
described above. 

55 [0134] If the heavily doped layer is formed in the third silicon layer 64 (see Figure 14(c)). the heavily doped layer itself 
might be a channel depending on specific operating conditions, i.e., the dopant concentrations and thicknesses of the 
respective silicon layers 62 to 64 and the heavily doped layer and the voltage applied to the gate electrode 66. Thus, 
the heavily doped layer may be selectively formed either in the first silicon layer 62 or the third silicon layer 64 in accord- 
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ance with the structures of respective parts and the operating conditions of a field effect transistor. 
(0135] Also, the energy level well (i.e., a portion indicated by the broken line in Figure 14(a)) between the second and 
third silicon layers 63. 64 may be used as a channel, not as a carrier-accumulating layer. In such a case, a channel 
where holes move exists just under the third silicon layer 64, hot under the gate insulating film 65. Consequently, as 
5 described in the second embodiment, a higher operating speed is ensured as compared with a general MOS transistor. 

EMBODIMENT 6 

[0136] Figure 15 is a cross-sectional view illustrating the structure of a CMOSFET of the sixth embodiment in which 

io a silicon layer containing carbon and germanium is used as channel regions for respective MOSFETs. 

[01 37] The CMOSFET of this embodiment basically has a structure in which the n-MOSFET of the fourth embodiment 
and the p-MOSFET of the f ifth embodiment are formed on the silicon substrate 50 to be adjacent to each other via an 
Si0 2 isolating well therebetween. As shown in Figure 15, a pwell 51 is formed under the n-MOSFET and an n-well 61 
is formed under the p-MOSFET. 

is [0138] In the n-MOSFET, the first silicon layer 52, the second silicon layer 53 made of Si^yGexCy containing carbon 
and germanium, and the third silicon layer 54 not containing carbon or germanium are stacked in this order by a UHV- 
CVD technique on the p-well 51 . The second silicon layer 53 containing carbon and germanium functions as a channel 
region where electrons move. The second silicon layer 53 receives a tensile strain, and the thickness thereof is prefer- 
ably set at the critical thickness Tc or less such that dislocations are not generated because of a strain. Accordingly, in 

20 this embodiment, the compositions of germanium and carbon in the second silicon layer 53 are set at 20% and 4%, 
respectively, and the thickness thereof is set at 10 nm. On the third silicon layer 54, a gate insulating film is formed out 
of a silicon dioxide film by thermally oxidizing the third silicon layer 54. On the gate insulating film, a gate electrode 56 
is formed. On both sides below the gate electrode 56, source/drain regions 57 and 58 are formed as n + layers. And on 
the source/drain regions 57 and 58. source/drain electrodes 59 and 60 are formed, respectively. 

25 [0139] On the other hand, in the p-MOSFET. the fourth silicon layer 62. the fifth silicon layer 63 made of . x y Ge x C y 
containing carbon and germanium, and the sixth silicon layer 64 not containing carbon or germanium are stacked in this 
order by a UHV-CVD technique on the n-well 61 . The fifth silicon layer 63 containing carbon and germanium functions 
as a channel region where holes move. In the p-MOSFET. the compositions of germanium and carbon in the fifth silicon 
layer 63 are also set at 20% and 4%. respectively. And the thickness thereof is set at 1 0 nm. That is to say, the second 

30 silicon layer 53 of the n-MOSFET and the fifth silicon layer 63 of the p-MOSFET are of mutually opposite conductivity 
types, but have the same composition. On the sixth silicon layer 64, a gate insulating film is formed out of a silicon diox- 
ide film by thermally oxidizing the sixth silicon layer 64. On the gate insulating film, a gate electrode 66 is formed. On 
both sides below the gate electrode 66, source/drain regions 67 and 68 are formed as p + layers. And on the 
source/drain regions 67 and 68, source/drain electrodes 69 and 70 are formed, respectively. It is noted that the second 

35 silicon layer 52 of the n-MOSFET and the fourth silicon layer 62 of the p-MOSFET have the same composition and that 
the third silicon layer 54 of the n-MOSFET and the sixth silicon layer 64 of the p-MOSFET also have the same compo- 
sition. 

[0140] In this embodiment, in both the n- and p-MOSFETs, channel regions where carriers move are formed of the 
second and fifth silicon layers 53. 63 both containing carbon and germanium and having received a tensile strain. 

40 [0141] As described in the fourth and fifth embodiments, the energy level at the edge of the conduction band in the 
second and fifth silicon layers 53, 63 containing carbon and germanium and having received a tensile strain is lower 
than that of the first and fourth silicon layers 52, 62 not containing carbon or germanium. On the other hand, the energy 
level at the edge of the valence band in the second and fifth sflicon layers 53, 63 is higher than that of the first and fourth 
silicon layers 52. 62. Thus, heterobarriers for confining carriers in the second and fifth silicon layers 53, 63 are formed 

45 in both the conduction and valence bands. Accordingly, channel regions for confining both electrons and holes can be 
formed. 

[0142] In a conventional CMOSFET mainly composed of SiGe/Si and using a heterojunction structure (see Japanese 
Laid-Open Publication No. 61-282278, for example), a heterobarrier for confining electrons and holes in channel 
regions cannot be made of a single composition. Thus, n- and p-channel regions must be made of different composi- 
50 tions and these regions must be stacked one upon the other. However, in such a structure, the crystal growing process 
is adversely complicated and the throughput might decrease. Also, the lower one of the n- and p-channel regions is 
more distant from a gate insulating film. Thus, even if a voltage is applied to the gate, an electric field having a suffi- 
ciently high intensity might not reach the lower channel region. Moreover, since a thick buffer layer is indispensable for 
reducing the lattice strain, the conventional structure has problems in terms of reliability and throughput as mentioned 



[0143] By contrast, in this embodiment, heterobarriers for confining earners in the Si^yGexCy layer are formed in 
both the conduction and valence bands of the S^^Ge^y layer, which is formed on the Si layer and has received a 
tensile strain. Thus, the Si^^yGe^Cy layer can be used both as n- and p-channels. In other words, the n- and p-chan- 
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nels, where electrons and holes respectively move at high velocities, can be formed in the second and fifth silicon layers 
53 and 63, respectively. As a result, in either the n- or p-MOSFET, the second or fifth silicon layer 53, 63 to be a channel 
region can be formed in the vicinity of the gate insulating film. Accordingly, an electric field pi oduced by the voltage 
applied to the gate electrode 56, 66 can be applied to the channel region with much more certainly. Furthermore, unlike 

5 the prior art, no thick buffer layer is required for reducing the lattice strain. Consequently, the crystal growing process 
step can be simplified during the fabrication process and the reliability and throughput can be improved. 
[0144] Also, the energy level difference between the light-hole band LH in the silicon layer (Si^.yGexCy layer) con- 
taining carbon and germanium and having received a tensile strain and the edge of the valence band in the silicon layer 
not containing any of these is larger than that between the light-hole band LH in the silicon layer (Si-j.yCy layer) contain- 

io ing carbon and having received a tensile strain and the edge of the valence band in the silicon layer not containing car- 
bon. Thus, a larger heterobarrier is formed in the p-MOSFET in the CMOSFET of this embodiment than in the p- 
MOSFET in the CMOSFET of the third embodiment. Accordingly, holes are expect edly confined more effectively. 
[0145] In particular, by changing the compositions of carbon and germanium, the ratio of the height of the heterobar- 
rier formed at the edge of the conduction band to the height of the heterobarrier formed at the edge of the valence band 

is can be controlled at a desired value. Thus, if the second silicon layer 53 of the n-MOSFET and the fifth silicon layer 63 
of the p-MOSFET shown in Figure 15 are formed out of the same layer, both electrons and holes can be confined very 
efficiently. This is because the n-MOSFET operates with the energy band shown in Figure 1 1 and the p-MOSFET oper- 
ates with the energy band shown in Figure 14. 

20 OTHER EMBODIMENTS 

[0146] In the foregoing embodiments, it is assumed that no impurity other than the dopant for carriers is contained in 
the first and third silicon layers. However, the present invention is not limited to such embodiments. In the first and third 
silicon layers, carbon or germanium may be slightly contained. This is because the effects of the present invention can 
25 be attained if only the second silicon layer receives a tensile strain from the first silicon layer. 

[0147] In the foregoing embodiments, the present invention has been described as being applied to a MOSFET. Alter- 
natively, the heterobarrier structure of the present invention is also applicable to a field effect transistor having a 
Schottky gate structure. 

[0148] In the semiconductor device of the present invention, a first silicon layer and a second silicon layer, containing 
30 carbon and having received a tensile strain from the first silicon layer, are stacked one upon the other in a field effect 
transistor, thereby making the second silicon layer function as the channel region of the field effect transistor. Thus, by 
utilizing band splitting at the conduction or valence band of the second silicon layer having received a tensile strain, a 
high-speed-operating n-type or p-type field effect transistor using electrons or holes having a smaller effective mass can 
be obtained. The properties of the second silicon layer can be improved, because almost no dislocations are generated 
35 in the second silicon layer even if the thickness thereof is reduced. Also, since no thick buffer layer is required for reduc- 
ing the lattice strain, the fabrication costs can be cut down. 

[0149] Moreover, heterobarriers for confining carriers in the second silicon layer are formed in both the conduction 
and valence bands of the second silicon layer in the vicinity of heterojunctions. Thus, a CMOSFET exhibiting excellent 
performance characteristics can be provided, because excellent field effects are attained in both the n- and p-MOS- 
40 FETs. 

[0150] Furthermore, if the second silicon layer contains carbon and germanium, then holes can be confined even 
more effectively in the p-MOSFET. This is because the energy level of the LH band increases more in the silicon layer 
containing carbon and germanium and having received a tensile strain than in the silicon layer containing carbon and 
having received a tensile strain. 

45 

Claims 

1 . A semiconductor device comprising a field effect transistor on a substrate, the field effect transistor including: 

so a first silicon layer formed on the substrate; 

a second silicon layer, which is formed on the first silicon layer, contains carbon and has received a tensile 

strain from the first silicon layer; and 

a gate electrode formed over the second silicon layer, 

wherein the second silicon layer functions as a channel region of the field effect transistor. 

55 

2. The semiconductor device of Claim 1 , wherein the field effect transistor is an n -channel field effect transistor, and 
wherein the second silicon layer is an n -channel where electrons move. 
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3. The semiconductor device of Claim 2, wherein electrons are confined by a heterobarrier formed between the first 
and second silicon layers of the n-channel field effect transistor. 

4. The semiconductor device of Claim 2, further comprising a heavily doped layer, which is formed in the first silicon 
5 layer in the vicinity of the second silicon layer and contains a high -concentration n-type dopant. 

5. The semiconductor device of Claim 3, wherein the second silicon layer is a quantum well. 

6. The semiconductor device of Claim 2, further comprising a third silicon layer, which is formed on the second silicon 
w layer and under the gate electrode and applies a tensile strain to the second silicon layer, 

wherein electrons are confined in the second silicon layer by a potential well formed in a boundary between the sec- 
ond and third silicon layers. 

7. The semiconductor device of Claim 6, further comprising a heavily doped layer, which is formed in the third silicon 
is layer in the vicinity of the second silicon layer and contains a high-concentration n-type dopant. 

8. The semiconductor device of Claim 2. further comprising a third silicon layer, which is formed on the second silicon 
layer and under the gate electrode and applies a tensile strain to the second silicon layer, 

wherein electrons are confined in the second silicon layer by a heterobarrier formed between the first and second 
20 silicon layers and another heterobarrier formed between the second and third silicon layers. 

9. The semiconductor device of Claim 1 , wherein the field effect transistor is a p-channel field effect transistor, and 
wherein the second silicon layer is a p-channet where holes move. 

25 1 0. The semiconductor device of Claim 9. wherein holes are confined by a heterobarrier formed between the first and 
second silicon layers of the p-channel field effect transistor. 

11. The semiconductor device of Claim 9, further comprising a heavily doped layer, which is formed in the first silicon 
layer in the vicinity of the second silicon layer and contains a high-concentration p-type dopant. 

30 

12. The semiconductor device of Claim 9, wherein the second silicon layer is a quantum well. 

1 3. The semiconductor device of Claim 9, further comprising a third silicon layer, which is formed on the second silicon 
layer and under the gate electrode and applies a tensile strain to the second silicon layer, 

35 wherein holes are confined in the second silicon layer by a potential well formed in a boundary between the second 
and third silicon layers. 

14. The semiconductor device of Claim 13, further comprising a heavily doped layer, which is formed in the third silicon 
layer in the vicinity of the second silicon layer and contains a high-concentration p-type dopant 

40 

1 5. The semiconductor device of Claim 9, further comprising a third silicon layer, which is formed on the second sflicorf 
layer and under the gate electrode and applies a tensile strain to the second silicon layer. 

wherein holes are confined in the second silicon layer defined by a heterobarrier formed between the first and sec- 
ond silicon layers and another heterobarrier formed between the second and third silicon layers. 

45 

1 6. The semiconductor device of Claim 1 . further comprising a gate insulating film formed under the gate electrode. 

17. The semiconductor device of Claim 1. wherein the thickness of the second silicon layer is smaller than a critical 
thickness, which is determined by the composition of carbon and above which dislocations are generated. 

50 

18. The semiconductor device of Claim 1 , wherein the second silicon layer further contains germanium. 

19. The semiconductor device of Claim 1. wherein the field effect transistor is an n-channel field effect transistor in 
which the second silicon layer is an n-channel. 

55 and wherein the semiconductor device further comprises a p-channel field effect transistor including: 

a fourth silicon layer formed on the substrate; 

a fifth silicon layer, which is formed on the fourth silicon layer, contains carbon and has received a tensile strain 
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from the fourth silicon layer; and 

a gate electrode formed over the fifth silicon layer, 

the fifth silicon layer functioning as a p-channel region, 

whereby the semiconductor device functions as a complementary device. 

5 

20. The semiconductor device of Claim 19. wherein carbon contained in the second silicon layer of the n-channel field 
effect transistor has an equal composition to that of carbon contained in the fifth silicon layer of the p-channel field 
effect transistor. 

io 21. The semiconductor device of Claim 19, further comprising a gate insulating film formed just under the gate elec- 
trode. 

22. The semiconductor device of Claim 1 9, wherein the thickness of the f ifth silicon layer is smaller than a critical thick- 
ness, which is determined by the composition of carbon and above which dislocations are generated. 

15 

23. The semiconductor device of Claim 19. wherein the second and fifth silicon layers further contain germanium. 

24. The semiconductor device of Claim 23, wherein germanium contained in the second silicon layer has an equal 
composition to that of germanium contained in the fifth silicon layer. 

20 
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Fig. 1 
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Fig. 2(a) 
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Fig. 4(a) 
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Fig. 5 
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Fig. 6 
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Fig. 7(a) 
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Fig. 8 
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Fig. 12 
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Fig. 13 
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